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The structure, axial concentration decay, and formation of flammable hydrogen-air 
mixture are studied numerically for a case of hydrogen release from a round nozzle and 
a plane nozzle with aspect ratio 200. Simulations of the underexpanded hydrogen jet 
structure for both circular and plane nozzles were conducted using the computational 
fluid dynamics in two stages: firstly from the nozzle across the shocks’ structure, and 
secondly downstream from the Mach disk to the far field. The results confirmed the 
phenomenon of “switching” axes known for plane jets of finite aspect ratio: the faster 
mixing in the plane of a minor axis makes the jet in this plane wider than in the plane of 
a major axis. The faster hydrogen-air mixing takes place only in the near field close to 
the nozzle. Downstream the plane nozzle jet structure tends to reproduce that of the 
axisymmetric jet. In the far field both plane and round nozzle jets resemble the 
similarity law for axial concentration decay in round jets. 
 




As hydrogen and fuel cell technologies, systems, and infrastructure develop, the use of high-
pressure hydrogen storage becomes inevitable. The safety distances around these storage and 
infrastructure are most likely to be determined based on the location of the lower flammability 
limit (LFL) in an accident scenario. This causes immense interest to the hydrogen concentration 
decay in jets, including plane jet which can be considered as a model of a crack. The purpose of 
this paper is to study to what degree mixing in a plane jet may be intensified and if a plane jet 
may provide a shorter distance to LFL 4% of hydrogen by volume compared to a round jet with 
the same mass flow rate.  
First analytical studies of laminar subsonic constant density jets in absence of buoyancy forces 
date back to 1920s. Schlichting studied an axisymmetric and plane laminar jets issued into a 
semi-infinite space [1]. The plane jet solution was subsequently improved by Bickley [2]. Both 
are exact solutions of Prandtl’s boundary layer equations and may be found in the classical 
textbook [3]. The results show that compare to the infinitely long plane jet the axysimmetric 
laminar jet has larger entrainment potential (entrains more surrounding fluid) and the infinite 
plane jet is less effective in mixing with the surrounding quiescent fluid. Thus, theoretical studies 
indicate that the axial concentration decay in the plane jet of the same width as round jet diameter 
could be slower compared to the round jet. 
Qualitatively similar results were obtained for the turbulent jets [3]: based on observation that the 
turbulent mixing length is proportional to the jet width and, as a result, the jet width for both 
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circular and plane jets is proportional to the distance from the nozzle x (though with different 
proportionality coefficients), the decay of the centre-line velocity V in a momentum-dominated 
turbulent round jet is proportional to x-1, while the same for the plane jet is proportional to x-1/2, 
which means that the round jet entrainment rate is higher than that of the  infinitely long plane jet. 
Comprehensive overview of experimental data available for velocity and species concentrations 
in momentum- and buoyancy-dominated incompressible turbulent jets is given in [4] for both 
plane and axisymmetric configurations and for jets with different densities of mixing gases.  
Analytical solution for compressible plane and round turbulent jets was obtained by Crane and 
Pack [5], though based on a number of simplifying assumptions. It was found that for a plane jet 
the compressibility effect decreases width of mixing region for laminar jets and increases it for 
the turbulent jet. For axially symmetric jets the compressibility resulted in narrower velocity 
profile as the speed rose for both laminar and turbulent flows. This result was confirmed 
experimentally by Maydew and Reed [6] for Mach numbers up to M=1.96. Later on Crane and 
Pack developed an analytical solution for a plane jet of gas issued into another gas [7]. There are 
different engineering approaches, e.g. [8, 9], which allow to extend incompressible axysimmetric 
jet correlations [4] to compressible underexpanded jets. However, the approaches are not 
applicable to the underexpanded plane jets.  
Jet from a plane nozzle of a finite aspect ratio has attracted attention as capable to provide more 
intensive momentum and concentration exchange due to a larger interface area for viscous 
mixing compare to an axisymmetric jet of the same mass flow rate. A series of experiments with 
incompressible, subsonic compressible and chocked underexpanded jets from a rectangular 
nozzle of the size L×D=50×3 mm (aspect ratio 16.7) was conducted at Stanford University. The 
incompressible flow results were reported by Krothapalli et al. [10], the effect of the exit Mach 
number of a subsonic compressible jet was given in [11], and underexpanded plane jet results are 
described in [12]. Mean velocity measurements revealed that the incompressible jet structure 
consists of three regions: a potential core region, a two-dimensional-type region, and an 
axisymmetric-type region, where velocity decays close to that in axisymmetric jet [10]. It was 
found that in the two-dimensional type region the jet spreads in the minor axis plane faster 
compare to that in the major axis plane. The subsonic compressible jet was found to behave 
similar to the incompressible jet [11]. Underexpanded choked flow studies [12] were conducted 
using the pressure ratio up to 5.8, which corresponds to Mach numbers up to 1.8. The spreading 
rate in the minor axis was even higher than for incompressible flow, so that one can think of 
“switch” of axes: the major axis becomes the minor one, and vice versa. The same dynamics of 
the jet structure, i.e. transition from initially two-dimensional jet to axisymmetric one 
downstream,was found for the underexpanded jet [12]. The authors suggested that the two-
dimensionality of a plane jet would be preserved the longer downstream the higher pressure ratio.  
Similar research, but with aspect ratio of elliptic and rectangular nozzles equal to 3.0, was 
performed in [13] using cold and hot gas tests. The pressure ratio for the underexpanded cold 
tests was equal to 3.4 (Mach number 1.5) and 6.4 for the hot gas tests. The authors argued that 
the elliptic nozzle provided slightly faster mixing than a rectangular nozzle, though the flow was 
studied on the distance of 30 equivalent nozzle diameters only. This study was later extended to 
pressure ratio 15 [14], though was aimed at near-field pressure fluctuations interaction with the 
spread rate of the jet and remained limited to 30 equivalent diameters. Further studies of 
underexpanded jet flows from oval nozzles were performed in [15]. It was confirmed that the 
pressure ratio has a significant effect on the jet spreading in the minor axis and the axis 
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“switching” strongly depends on both pressure and aspect ratio of the nozzle, though the study 
was limited to pressure ratio 20.3 and near nozzle area. Numerical simulation of the jet flow from 
a rectangular nozzle of aspect ratio 8 and pressure ratio 50 was performed in [16], but was limited 
to the study of the near-nozzle shock structure only. 
The potential of a plane nozzle jet to provide more effective mixing compare to axisymmetric jets 
is of immediate interest for hydrogen safety engineering. The authors are not aware of 
experimental measurements of hydrogen concentrations in plane nozzle jets covering the range of 
characteristic pressure ratios 350-700, and correlations similar to [4] which are applicable to 
plane nozzles of finite aspect ratio. The present study will concentrate on computational fluid 
dynamics (CFD) modelling of a plane nozzle jet of large aspect ratio 200 in order to understand 
dynamics of plane jet structure with limited aspect ratio, estimate axial hydrogen concentration 
decay in such a flow, and to quantify the intensification of hydrogen-air mixing. 
 
2. Problem Formulation 
The CFD model. The effective diameter approaches similar to [8, 9], allowing to simplify 
underexpanded jet modelling and to avoid consideration of underexpanded jet shock structure 
including Mach disk(s), are not applicable to the finite aspect ratio plane jets. Once simplification 
of the flow structure is not available, numerical simulations should rigorously resolve flow in the 
nozzle, shock structure, supersonic flow downstream of the Mach disk and further mixing in the 
subsonic flow area. Discrepancy of scales between the physical nozzle size, where compressible 
flow solver and Courant-Friedrichs-Lewy condition  should be applied, and the distance of jet 
propagation to LFL, where flow is subsonic and slowly developing, makes modelling of this 
phenomenon through the whole domain of interest computationally expensive. Instead, two-stage 
modelling is applied in this study: first we model the flow through the nozzle across Mach disk 
structure, and then from the Mach disk to the far field, using a quasi-steady solution of the first 
stage as a boundary condition for the second stage. The similar two-stage strategy was used for 
the underexpanded axisymmetric jet modelling [17]. 
The CFD model consists of three-dimensional steady-state Navier-Stokes equations, energy and 
species conservation equations. The standard k-ε model [18] with full buoyancy effects was 
adopted for turbulence modelling as a pragmatic and computationally inexpensive choice. The 
Navier-Stokes equations were solved in a fully compressible form using a coupled explicit solver 
at the first stage of simulations, while at the second stage the flow was treated as incompressible 
and a segregated solver was applied. First order upwind discretisation scheme was used at the 
first stage to avoid numerical instabilities and the third order MUSCL discretisation scheme was 
used at the second stage. Simulations were conducted using the CFD code FLUENT.  
In this study a release through a round nozzle of 1.58 mm diameter was compared with a leak 
through a plane nozzle of the size L×W=20×0.1 mm (aspect ratio 200). The hydrogen storage 
pressure 350 atm was chosen in this study: it is yet characteristic for automotive applications, but 
has reduced error associated with the use of the ideal gas equation of state as compared to 700 
atm. Indeed, hydrogen density according to the ideal gas equation of state at 350 atm is 
29.3 kg/m3, and according to the Abel-Noble equation of state is 23.9 kg/m3 yielding difference 
of about 18%. 
Round nozzle calculation domain and numerical details. The calculation domains for the 
round jet simulations are shown in Figure 1. Calculation domain for the fist stage has cylindrical 
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shape and sizes L×D=0.25×0.16 m. The domain included small high-pressure “vessel” upflow 
from the nozzle, where hydrogen inflow was modelled. The domain was discretised by 412736 
hexahedral control volumes (CV). The round nozzle of 1.58 mm diameter and 5 mm depth was 
discretised by 20 CVs across its diameter and 16 CVs in depth. The Mach disk was discretised 
approximately by 50 CVs across its diameter and 40 CVs in length. Zero pressure boundary 
conditions were used at all boundaries except of hydrogen inflow area, where pressure was set to 
p=350 atm, hydrogen concentration to yH2=1.0, and temperature to T=293K.  
The cylindrical calculation domain for the second stage has size L×D=8.1×4.0 m and was 
discretised by 178,808 CVs. The conditions on the inflow boundary were approximated from the 
first stage jet solution using so called “profile” facility of FLUENT software. On all zero pressure 
boundaries the inflow temperature 293 K, turbulence intensity 10% and turbulence length scale 
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Figure 1. Calculation domain for the round nozzle jet simulations: a) domain for the first stage,  
b) domain for the second stage.  
Plane nozzle calculation domain and numerical details. The plane nozzle is modelled with its 
major axis directed along a pipe. Calculation domains for the plane nozzle jet simulations are 
shown in Figure 2. Similar two-stage approach is adopted, though the design of calculation 
domain utilises symmetry conditions and uses only ¼ of the real physical domain. The 
calculation domain has sizes L×W×H=0.125×0.400×0.515 m. Relatively large width of the 
domain 0.4 m compare to its length 0.125 m is necessary to accommodate the faster hydrogen-air 
mixing in the plane of the minor axis. The domain was discretised by tetrahedral and hexahedral 
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CVs, total number is 254,156 CVs. The nozzle has sizes L×W=20×0.1 and depth 5.0 mm, and 
was discretised by 25 CVs along its half length, 4 CVs along its half width and 16 CVs in depth. 
Pressure 350 atm, hydrogen concentration 1.0 and temperature 293K were set at the pipe cross 
section as inflow conditions, zero pressures on the boundaries representing atmosphere and the 
interface for the second stage of simulations. The domain for the second stage has sizes 
L×W×H=2.0×2.0×5.0 m and is discretised by 216,576 CVs. All zero pressure boundaries, 
representing atmosphere, have the inflow temperature 293 K, turbulence intensity 10% and 
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Figure 2. Calculation domain for the plane nozzle jet simulations: a) domain for the first stage,  
b) domain for the second stage (rotated 90o clockwise). 
 
3. Simulation Results 
Hydrogen mass concentration decay obtained in simulations along the jet centre-line for both 
round and plane jets is shown in Figure 3 in comparison with the similarity law for hydrogen 
concentration decay in axysimmetric jet, which was developed for incompressible flows in [4] 








= , (1) 
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where 
2H
y is hydrogen mass fraction, 30.13 mkgN =ρ is density of injected gas in the nozzle 
according to Abel-Noble equation of state and taking into account pressure losses in the nozzle 
[19], 320.1 mkgS =ρ  is density of surrounding air, mmD 58.1=  is the round nozzle diameter, x 
is axial distance.  
One can see that both plane and round nozzle jets exhibit core regions of jet development, where 
hydrogen concentration is equal to 1.0. The core region is longer for the round nozzle jet (about 
8 cm) compare to the plane nozzle jet (about 3 cm). The plane nozzle jet provides relatively faster 
mixing than the round nozzle jet in the region x=0.04 – 0.40 m (range of distance to diameter 
ratios x/D≈25-250). After x=0.40 m, when the axial concentration in the jet is about 50% by 
volume, the decay of hydrogen concentration for both nozzles is approximately the same, which 
suggests that the plane nozzle jet becomes close to axysimmetric shape.  
From a critical point of view one may be concerned with the higher hydrogen concentration for 
the plane nozzle jet compare to the round nozzle in the far field (difference is about 12%). 
Partially this could be explained by 6% higher mass flow rate simulated for the plane nozzle 
(probably due to discretisation errors) or from the process of boundary profile approximation 
between the first and second simulation stages. 
 
  
Figure 3. Hydrogen mass fraction distribution along the jet centre-line axis. 
 
It was demonstrated by Saffers and Molkov, see for example overview [20], that the hydrogen-air 
flames, resulting from round nozzles, have length corresponding to the hydrogen concentration in 
non-reacting jet between 8% and 16% by volume (best fit line 11%), which corresponds to the 
mass fraction of hydrogen 0.006 and 0.013. In Figure 3 the jets for both nozzles have 
qualitatively similar length in this concentration range. However, it was experimentally 
demonstrated [21] that flame length for a plane nozzle of aspect ratio 12.8 and storage pressure 
40 MPa decreases twice compare to the round nozzle. Such a different behavior of non-reacting 
and reacting jets requires further investigation. This may indicate that the correlation between the 
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flame length and the hydrogen concentration in a non-reacting jet, obtained in [20] for round 
nozzle jets, probably may not be automatically extended to nozzles of other shapes. 
Qualitatively similar results were obtained for the velocity distribution along the jet centre-line, 









ρ3.6= , (2) 
where V is centre-line velocity, smVN 1126= is nozzle velocity according to Abel-Noble 
equation of state and taking into account pressure losses in the nozzle [19]. 
Again, the plane nozzle provides faster mixing immediately behind the core region and 
practically coincides with the round jet velocity distribution in the far field. On the other hand, 
the centre-line velocity decay for both nozzles is slightly faster than predicted by the correlation 
(2). Velocity profile reveals location of the Mach disk in simulations: one may see that the Mach 
disks are located practically at the same distance of about 2.0 cm for both nozzles.  
 
  
Figure 4. Velocity distribution along the jet centre-line axis. 
 
Comparison of round and plane nozzle jet structures may be seen in Figure 5 and Figure 6, where 
location of iso-surfaces of 4% and 11% hydrogen volumetric concentrations is shown with the 
fixed hydrogen concentration distribution profile. The phenomenon of “switching” axes is clearly 
seen in Figure 6: though the longer side of the plane nozzle is located along the pipe, the wider 
side of hydrogen-air mixing layer is perpendicular to the pipe. In spite of the large aspect ratio of 
the plane nozzle L/W=200, the “switch” of axes is already well established at a distance from the 
nozzle as short as x=0.02 m, which corresponds just to 1 nozzle length.  
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a)    b)  
Figure 5. Hydrogen iso-surfaces resulting from the round nozzle: a) side view, b) isometric view. 
Yellow colour – iso-surface 11.0% H2 vol., grey colour – iso-surface of 4.0% H2 vol. 
 
a)  b)  
Figure 6. Isometric view of hydrogen iso-surfaces resulting from the plane nozzle: a) enlargement 
close to the pipe, b) general view. Yellow colour – iso-surface 11.0% H2 vol., grey colour – iso-
surface of 4.0% H2 vol. 
 
Figure 6b confirms that in the far field the plane nozzle jet behavior reproduces axisymmetric jet: 
effect of axes “switching” is significantly hampered at x=1.0 (when the centre-line concentration 
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decay of plane nozzle jet coincides with that for the round nozzle jet) and practically absent at 
x=2.0 m.  
 
a) b) c)  
 
Figure 7. Velocity distribution (limited by 4% H2 vol.): a) round nozzle, cross-section view,  
b) plane nozzle, view across the pipe, c) plane nozzle, view along the pipe. 
 
a)   b)  
 
Figure 8. Hydrogen volume fraction distribution in the plane nozzle jet (limited by 4% H2 vol.):  
a) across the pipe, b) along the pipe. 
 
Figure 7 shows velocity distribution for the round and plane nozzles in the jet cross sections in 
the near nozzle field. One may clearly see formation of a wide mixing layer in the plane across 
the pipe (Figure 7b). Shorter high-speed core region of the plane jet in this cross-section is also 
noticeable. Mixing layer in the cross-section along the pipe first demonstrates some contraction 
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(“saddle” shape) and then slow growth. Figure 8 shows hydrogen distribution for the plane 
nozzle jet in the same cross sections. Velocity and concentration fields demonstrate similarity. It 
is interesting to see that for the plane nozzle the hydrogen velocity and concentration on the 
centre-line are not necessarily maximum ones. In fact, the maximum velocity and maximum 
concentration are shifted off centre-line at distances x=0.15-0.30 m. Thus, at x=0.15 m maximum 
hydrogen mass fraction is 0.23, while on the centre line it is 0.18 (difference 22%); at x=0.3 the 
maximum hydrogen mass fraction is 0.095, while on the centre-line it is 0.09 (difference 5%); at 
x=0.50 m the maximum hydrogen concentration is located on the centre-line.  
 
4. Conclusions 
Simulations of the underexpanded plane and round jets of hydrogen were conducted in order to 
investigate potential to control hydrogen-air mixing and concentration decay in hydrogen jets.  
Though the plane nozzle studied had a large aspect ratio L/W=200, the jet behaviour was clearly 
three- not  two-dimensional. The phenomena of “switch” of axes was reproduced by numerical 
simulations which is characteristic for plane jets with finite aspect ratio. The simulations 
confirmed that the plane nozzle jet provides faster mixing in the close to the nozzle area, but 
becomes axisymmetric in the far filed.  
It appears that there is practically no quantitative difference between the plane and round nozzle 
jets from the safety distance point of view. Indeed, hydrogen concentration on the jet axis drops 
to the low flammability limit of 4% by volume at the same location for both types of jets with the 
same mass flow rate.  
Examination of this simulation results, analysis [20] and experimental data [21] show that while 
the flame location for a round nozzle jet corresponds to location of hydrogen volume 
concentration between 8% and 16% in non-reacting jet from the same nozzle, the flame location 
for a plane jet corresponds to higher hydrogen concentrations in a plane non-reacting jet. This 
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